The medial prefrontal cortex (mPFC) has been considered to participate in many higher cognitive functions, such as memory formation and spatial navigation. These cognitive functions are modulated by cholinergic afferents via muscarinic acetylcholine receptors. Previous pharmacological studies have strongly suggested that the M1 receptor (M1R) is the most important subtype among muscarinic receptors to perform these cognitive functions. Actually, M1R is abundant in mPFC.
tatory neurons showing M1R immunopositivity signals also highly varied among animal species and cortical areas. The intracellular localization pattern of M1R immunopositivity signals in cortical cells has been examined chiefly in excitatory neurons in monkeys and mice (Mrzljak et al., 1993; Disney et al., 2006; Yamasaki et al., 2010) , and these ultrastructural studies were restricted in some cortical layers.
Therefore, we attempt to examine the distribution pattern of M1R-immunopositive somata of both pyramidal neurons and inhibitory neurons in all layers of rat PFC, and compare the intracellular localization pattern of M1R immunopositivity signals in pyramidal neurons with that in inhibitory neurons.
Additionally, previous studies have shown that astrocytes also contain M1R. For example, cultured astrocytes derived from the human brain were revealed to contain M1R by reverse transcriptionpolymerase chain reaction (RT-PCR) analysis (Elhusseiny, Cohen, Olivier, Stanimirović, & Hamel, 1999) , and previous pharmacological analyses (Shelton & McCarthy, 2000 have shown that astrocytes in rat hippocampus and mouse primary visual cortex (V1) contain M1R.
However, only one immunohistochemical study has been carried out to show the immunolocalization of M1R/M2R in astrocytes . Astrocytes are categorized into some classes by morphology, function, and brain region. In the rodent cerebrum, three major types of astrocyte are identified (García-Marqu es & L opezMascaraque, 2013; Liu et al., 2013; Tabata, 2015) . First, protoplasmic astrocytes possessing highly branched processes are distributed in the grey matter. Second, fibrous astrocytes possessing straight and long processes are distributed in the white matter. Third, surface astrocytes (or pial astrocytes) located on the cortical surface form the glia limitans.
Their somata are fibroblast-like shaped with bushy processes that are quite similar to those of protoplasmic astrocytes. Since we focused on the gray matter in this study, we examined the protoplasmic astrocytes and surface astrocytes.
To detect astrocytes, the glial fibrillary acidic protein (GFAP) and glutamine synthetase (GS) are commonly used as useful markers. GS immunopositivity signals are found in all cortical astrocytic somata, processes, perisynaptic buds, and end-feet surrounding vessels (Norenberg & Martinez-Hernandez, 1979; Robinson, 2001) . GFAP immunopositivity signals are also found in all surface astrocytes and fibrous astrocytes. However, they are not detected in a subset of protoplasmic astrocytes.
In the rat hippocampus, about 40% of cortical astrocytes were GFAPimmunonegative (Walz & Lang, 1998) . GFAP-immunopositive astrocytes (GFAP astrocytes) and GFAP-immunonegative astrocytes are roughly distinguishable on the basis of their electrophysiological properties, cellular morphology, and other cellular markers (Jabs, Paterson, & Walz, 1997; Kimelberg, 2009 ). However, Zhou, Schools, and Kimelberg, (2000) have revealed by a single-cell RT-PCR analysis that majority of GFAPimmunonegative astrocytes possess GFAP mRNA. Additionally, the amounts of GFAP mRNA in cortices increase progressively during postnatal maturation (Nichols, Day, Laping, Johnson, & Finch, 1993 ) and reaction to an injury (Wilhelmsson et al., 2006; Yang & Wang, 2015) .
Furthermore, a large number of primary cultured astrocytes show GFAP immunopositivity signals (Kimelberg, 2009; Schildge, Bohrer, Beck, & Schachtrup, 2013) . From these observations, GFAP astrocytes are considered mature and/or activated astrocytes (Kimelberg, 2009 (Kimelberg, , 2010 Middeldorp & Hol, 2011 , Schildge et al., 2013 . In this study, to examine the proportion of M1R-immunopositive somata among mature astrocytes, we used GFAP as a marker. However, since GFAP immunopositivity signals cannot be detected in thin processes and perisynaptic buds, GS was also used to detect these small peripheral elements.
In this study, to examine the role of M1R in the rat PFC neural system, we compared the proportion of M1R-immunopositive somata and the intracellular immunolocalization pattern of M1R between pyramidal neurons, inhibitory neurons, and astrocytes. Among the many cortical areas in rat PFC, we focused on the prelimbic cortex (PrL) in this study (Paxinos & Watson, 1998 , Vogt, 2014 . First, PrL in rodents is functionally analogous to primate lateral PFC, and it is involved in higher cognitive functions, such as initial acquisition and reversal learning (Birrell & Brown, 2000) . Second, an atlas of in situ hybridization has demonstrated that M1R mRNA is densely distributed in rodent PrL (Allen Institute for Brain Science, 2004) . Finally, M1R plays a crucial role in the early memory formation subserved by PrL (Carballo-M arquez et al., 2007) .
| M A TE RI A L S A ND M E TH ODS

| Animals
Eight male adult Sprague-Dawley rats (15 weeks old) weighing from 400 to 460 g were used in this study. The treatment and care of all the animals were approved by the Institutional Animal Care and Use Committee of Toho University (approved protocol ID 16-52-286). The terminologies used for rat brain regions followed the atlas of Paxinos and Watson (1998) .
| Antibodies and nuclear labeling
The following eight primary antibodies were used in this study (Table   1 ). The anti-M1R antibody is a rabbit polyclonal antibody against the third intracellular loop (aa 227-353) of human M1R. (Cat# M9808, RRID: AB_260731; Sigma-Aldrich, St. Louis, MO). This antibody was developed by Levey et al. (1991) , and its specificity was confirmed by immunoblotting analysis, in which the anti-M1R antibody labeled a single band corresponding to the molecular weight predicted for M1R, and this band was distinct from other muscarinic receptors, namely, M2R to M5R.
The antibody to 67 kDa isoform of glutamic acid decarboxylase (GAD67) is a mouse monoclonal antibody against a recombinant histag-containing N-terminal region of human GAD67 (aa 4-101; Cat# MAB5406, RRID: AB_2278725, clone 1G10.2, Millipore, Temecula, CA) (Wang & Sun, 2012) . GAD67 is a commonly used marker of inhibitory g-aminobutyric acid (GABA)ergic neurons and widely distributed throughout the neuronal somata, thick dendrites, as well as axon terminals (Kaufman, Houser, & Tobin, 1991) . The specificity of this anti-GAD67 antibody was previously confirmed by western blot analysis, in which the antibody labeled a single band of 67 kDa corresponding to the molecular weight of GAD67 (Wang & Sun, 2012) .
The anti-parvalbumin (PV) antibody is a mouse monoclonal antibody against a purified frog muscle PV (Cat# P-3088, RRID: AB_477329, clone PARV-19; Sigma-Aldrich). This anti-PV antibody is derived from the PARV-19 hybridoma produced by the fusion between mouse myeloma cells and splenocytes from an immunized mouse. This antibody well labeled PV neurons in the reticular thalamus (Oda et al., 2014) but not the tissue of PV knockout mice (Burette, Strehler, & Weinberg, 2009 ).
The anti-microtubule-associated protein-2 (MAP2) antibody is a mouse monoclonal antibody against a bovine brain microtubule protein (aa 997-1332; Cat# MAB3418, RRID: AB_94856, clone AP20, Millipore). The specificity of this anti-MAP2 antibody was confirmed by western blot analysis, in which the antibody labeled a single band of approximately 280 kDa, roughly corresponding to the high-molecularweight MAP2 isoforms MAP2a and MAP2b of about 280 kDa (Matsunaga et al., 1999) . This antibody clearly labeled the dendrites and somata of neurons in the avian nucleus laminaris (Tabor, Wong, & Rubel, 2011) .
The anti-VGluT1 antibody is a guinea pig polyclonal antibody against a C-terminal domain (aa 542-560) of rat VGluT1 (Cat# AB5905; RRID:AB_2301751, Millipore; Melone, Burette, and Weinberg, 2005) . The specificity of this anti-VGluT1 antibody was confirmed by western blot analysis, in which the antibody labeled a single band of 60 kD corresponding to the molecular weight of VGluT1 (Melone et al., 2005) . The specificity was also tested by blocking the antiserum with the immunogen peptide (Wässle, Regus-Leidig, & Haverkamp, 2006) . Melone et al. (2005) also performed double-immunolabeling experiments using the anti-VGluT1 antibody and another well-characterized anti-VGluT1 antibody (Bellocchio et al., 1998) . As a result, they found the virtually complete overlapping of immunolabeling in the rat cerebral cortex. Furthermore, the anti-VGluT1 antibody used in the present study immunostained many synaptic puncta in control spinal cord sections. These VGluT1-immunopositive puncta were abolished in sections from VGluT1-KO animals (Siembab, Gomez-Perez, Rotterman, Shneider, & Alvarez, 2016) .
The anti-VGluT2 antibody is a guinea pig polyclonal antibody against a purified recombinant protein corresponding to 73 amino acid sequence (aa 510-582) of rat VGluT2 (Cat# 135 404; RRID: AB_887884, Synaptic Systems). The anti-VGluT2 antibody immunolabeled the entire gray matter in the spinal cord (Siembab et al., 2016) , and also the supragranular zone of the granule cell layer and the middle and outer molecular layers in the dentate gyrus (Perederiy, Luikart, Washburn, Schnell, & Westbrook, 2013) . These immunolabeling patterns are quite similar to those in a previous study (Kaneko, Fujiyama, & Hioki, 2002 ) using a well-characterized anti-VGluT2 antibody (Fujiyama, Furuta, & Kaneko, 2001) . Retinal ganglion cells including intrinsically photosensitive retinal ganglion cells (ipRGCs) contain VGluT2. The anti-VGluT2 antibody used in the present study effectively labeled retinal ganglion cells including ipRGCs in control mice but not in ipRGCs in mice with transgenetically deleted VGluT2 from ipRGCs (Purrier, Engeland, & Kofuji, 2014) . We found that the antiVGluT2 antibody immunolabeled all layers in mPFC. Among the layers, the immunopositivity signals of VGluT2 in the superficial part of layer I and the middle layer are stronger than those in other layers (data not shown). At a higher magnification, VGluT2-immunopositive axonal fiber-and terminal-like structures were distributed in neuropils ( Figure   5e , f). This distribution pattern is also similar to that found in the study by Kaneko et al. (2002) . Additionally, this distribution pattern is coincident with that of thalamocortical projections in mPFC (Rotaru, Barrionuevo, & Sesack, 2005) .
The anti-GFAP antibody is a mouse monoclonal antibody against purified GFAP from the porcine spinal cord (Cat# MAB360, RRID:
AB_2109815, clone GA5, Millipore). The specificity of this antibody was confirmed by western blot analysis, in which the antibody labeled a single band of approximately 51 kDa corresponding to the molecular weight predicted for GFAP (Buckman, Thompson, Moreno, & Ellacott, 2013) . This antibody clearly labeled astrocytes in the hypothalamus (Buckman et al., 2013 ) and the posterodorsal medial amygdala (Johnson, Breedlove, & Jordan, 2013) , as well as in the cochlear nucleus The anti-GS antibody is a mouse monoclonal antibody against purified GS from the sheep brain (Cat# MAB302, RRID:
AB_2110656, clone GS-6, Millipore). The specificity of this anti-GS antibody was confirmed by western blot analysis, in which the antibody labeled a single band of approximately 45 kDa, corresponding to the molecular weight predicted for GS (Chang, Wu, Jiang-Shieh, Shieh, & Wen, 2007) . This antibody clearly labeled astrocytes in mouse mPFC (Kulijewicz-Nawrot, Sykov a, Chv atal, Verkhratsky, & Rodríguez, 2013) and M€ uller glia cells in the retina (Nasonkin et al., 2011) .
For nuclear labeling, we used Hoechst 33342 (2 lg/ml, H21492;
Molecular Probes, Eugene, OR), which produces light-blue fluorescence when it binds to DNA and is illuminated with UV light. Hoechst was mixed with a solution containing secondary antibodies (Kristensen, Noer, Gramsbergen, Zimmer, & Noraberg, 2003) .
| Perfusion and sectioning
Anesthesia was induced with isoflurane and then the rats were deeply anesthetized with an overdose of urethane (over 1.2 g/kg body weight, i.p.: ethyl carbamate, Wako, Osaka) and perfused with 100 ml of 0.2% heparinized 0.1 M phosphate buffer (PB; pH 7.4), followed by 1,000 ml 
| Immunohistochemistry for light microscopy
The sections prepared for light microscopy were washed three times in phosphate-buffered saline (PBS; pH 7.2) and incubated for 5 days at The sections were examined and photographed under a microscope (BX50; Olympus, Tokyo, Japan) equipped with a digital camera (DP70; Olympus).
| Preadsorption experiments of anti-M1R antibody
Preadsorption experiments were carried out to check the specificity of the anti-M1R antibody. The M1R antigen (G043-mAChR-M1-AG, Frontier Institute, Japan) is a GST fusion protein, and its sequence corresponds to that of the mouse M1R (aa 229-358). Only one amino acid is different between mice and rats in the 227-358 aa sequence.
The concentration of the antigen used was 50 lg/ml. For the preadsorption experiments, the anti-M1R antibody was dissolved in PBS containing the antigen for experimental sections or without the antigen for control sections. The final concentration of the anti-M1R antibody was 1:500. The PBS solutions containing the anti-M1R antibody with or without the antigen were allowed to stand for about 24 hr at 48C before use, and then centrifuged at 12,000 rpm for 5 min. The resulting supernatants were used for light microscopy and confocal laser scanning microscopy.
The sections for light microscopy were processed in the same protocol as described above, and visualized by DAB staining without CoCl 2 for 5 min at room temperature. In the forebrain of a control section ( Figure 1a ), strong M1R immunopositivity signals were found in the piriform cortex (Pir), olfactory tubercle (Tu), and caudate putamen (CPu). In the somatosensory cortices, M1R immunopositive-bands were observed in the superficial layers. These immunolabeling patterns are quite similar to those observed in a previous paper (Levey et al., 1991) . The signal intensity of M1R immunopositivity of the preadsorption section (Figure 1b ) is considerably lower than that of the control section.
The sections for confocal laser scanning microscopy were processed in the same protocol as described below, but primary antibody was only anti-M1R antibody. Confocal microscopy showed that the signal intensity of M1R immunopositivity in the preadsorption sections was also considerably lower than that in control sections. The rate of decrease estimated using the profile view (ZEN ver. 2.3, Carl Zeiss, Oberkochen, Germany) is approximately 50% (data not shown).
| Immunohistochemistry for immunofluorescence experiments
The 
| Confocal laser scanning microscopy
The sections at the caudal level of PrL. In these areas, it is easy to distinguish the borderline between PrL and the adjacent region, that is, the infra limbic cortex (IL), because layer II of IL is considerably thicker than that of PrL.
Furthermore, the thickness of the cortex in these areas is smaller than categorized into "Strong," and the latter was "Moderate." It was, however, difficult to distinguish between these categories in most cells.
Thus, for statistical processing, they were combined into the category Among these categories, "Weak" and "Negative" were difficult to distinguish in small somata, such as inhibitory neurons and astrocytes.
Thus, we identified these somata on the basis of the following observations. (a) All sections were processed for nuclear staining, and all images 
| M1R localization in pyramidal neurons
To examine the pyramidal neurons showing M1R immunopositivity signals, triple labeling using antibodies to M1R and GAD67, and the Hoechst stain were carried out. GAD67 is present exclusively in GABAergic neurons and their axon terminals (Kaufman et al., 1991) .
GAD67-immunonegative cells in the cerebral cortex are, however, not only excitatory neurons but also non-neuronal cells, such as glial and endothelial cells. Additionally, a previous paper has shown that a subset of GABAergic neurons shows no immunopositivity signals of GAD67 (Kadriu, Guidotti, Chen, & Grayson, 2012) .
The standard criteria for the nuclear morphology of cortical glial cells in rats were well documented (Ling, Paterson, Privat, Mori, & Leblond, 1973; . According to their criteria, over They had large somata and thick apical dendrites extending toward the pia mater. Some M1R-immunopositive basal dendrites were also observed ( Figure 4c ). Because the cytoplasmic region between the nucleus and the GAD67-immunopositive axon terminals was filled with many M1R-immunopositive dots, the shape of the nucleus was clearly recognizable. Furthermore, the nucleolar region was also clearly recognizable as an M1R-immunonegative region, because it is devoid of such dots (Figure 4c) . Thus, the nucleolar region, as well as capillaries, is a useful benchmark for immunonegativity during the adjustment of brightness under a microscope. The qualitative impression was that most of the pyramidal neurons in layers II-V showed Strong-Moderate M1R immunopositivity signals.
In layer VI, most of the GAD67-immunonegative neurons showing M1R immunopositivity signals were also found, and they were not pyramidal in shape. Their dendrites were thinner and oriented in various directions (Figure 4d ).
In the neuropils of all layers, numerous M1R-immunopositive puncta were observed. They were GAD67-immunonegative, round, and relatively uniform in size, and exhibited strong signals of M1R immunopositivity ( Figure 5 ). To examine these puncta showing M1R
immunopositivity signals, triple labeling of sections with the antibodies to M1R and one of following neuronal markers (MAP2, VGluT1, and VGluT2), and with the Hoechst stain was carried out. MAP2 is a microtubule-associated protein, and it is usually used for detecting dendritic shafts (Dehmelt & Halpain, 2004) . At a low magnification, many MAP2-immunopositive apical dendrites originating from many pyramidal neurons were also M1R-immunopositive. These dendrites branched in layer I and formed dendritic tufts (Figure 5a ).
In all VGluT1-or VGluT2-immunopositive presynaptic axon terminals, no signals of M1R immunopositivity were detected (Figure 5b-f) .
At a higher magnification, the axon terminals were often in the close vicinity of M1R-immunopositive puncta. The diameter of the puncta was roughly estimated to be 0.5 lm. As we will describe later, these puncta were not perisynaptic buds of astrocytes. Furthermore, it was often found that M1R-immunopositive puncta were connected to dendrites via small processes. Thus, they appeared like synaptic spines derived from dendritic shafts of pyramidal neurons. The signal intensity of M1R immunopositivity was higher in heads than that in necks of dendritic spines.
These findings are consistent with previous studies by electron microscopy. In the primate frontal cortex, many M1R-immunopositive dendritic spines were observed (Mrzljak et al., 1993) . About 60% of dendritic spines were M1R-immunopositive in the rat basolateral amygdala (Muller, Mascagni, Zaric, & Mcdonald, 2013) . Similarly, Yamasaki et al. (2010) have shown that M1R is detected in many dendritic spines as well as dendritic shafts in the mouse neocortex and hippocampus.
| M1R localization in inhibitory neurons
To examine the GABAergic inhibitory neurons showing M1R-immunopositivity signals, the sections were triple labeled with antibodies to M1R and GAD67, and the Hoechst stain. Because cortical GABAergic neurons are relatively small, we examined them using 3-12 Z-stack serial slices (0.8 lm optical thickness of Z-stacks). GAD67- Because PV immunopositivity signals were distributed throughout the dendrites of PV neurons, we examined the intradendritic localization pattern of M1R. The dendrites of 14 PV neurons were examined using 3-9 Z-stack serial slices (0.8 lm optical thickness of Z-stacks).
Two examples are shown in Figure 8 . The density of the intradendritic FIG URE 7 The proportion of somata containing M1R among cortical cellular types. (a) Mean percentages of M1R-immunopositive somata among GAD67 neurons, PV neurons, and GFAP astrocytes in layers I, II, III, V, and VI. Total numbers of counted cells obtained from three rats are given above. In layer I, two types of GFAP astrocytes, the surface astrocytes (S) and the protoplasmic astrocytes (P), are present. In other layers, all GFAP astrocytes are protoplasmic astrocytes. The signal strength of M1R immunopositivity in a soma is categorized into three groups as follows. signals of M1R immunopositivity greatly decreased from the somata to the distal region. This distribution pattern in PV neurons is quite different from that in pyramidal neurons, as described previously.
| M1R localization in astrocytes
To examine the GFAP astrocytes showing M1R immunopositivity signals, triple labeling with antibodies to M1R and GFAP, and the Hoechst stain were carried out. Because the somata of cortical astrocytes are smaller than those of neurons, we examined most of them using 3-11 Z-stack serial slices (0.8 lm optical thickness of Z-stacks). The protoplasmic GFAP astrocytes were distributed throughout cortical layers.
M1R immunopositivity signals were found mainly at the site where nucleus and GFAP-immunopositive structures are in contact, and they were apparently weaker in their processes (Figure 9a-c) . About 78% of The signals of M1R immunopositivity in the dendrites are apparently weaker than those in the somata. In contrast, a dendrite (arrows in e) of a pyramidal neuron shows "Strong" signals of M1R immunopositivity. These serial slices (intervals, 0.8 mm) were obtained at 0.8 lm optical thickness of Z-stacks. Slice number of image/number of obtained Z-stack optical slices: (a-e) 5th-1st/7 slices, respectively, (f-j) 5th-1st/6 slices, respectively. Scale bars 5 5 mm in (j) (applies to a-j) developmental studies (García-Marqu es & L opez-Mascaraque, 2013; Tabata, 2015) . The surface astrocytes were horizontally aligned on the cortical surface and have thick processes extending vertically into the cortex (Tabata, 2015) . We found that somata of surface astrocytes show strong M1R immunopositivity signals, as is the case with pyramidal neurons. About 94% of the surface astrocytes showed "Strong- GS immunopositivity signals were found in glia limitans, somata, and thick processes. These structures were the same as those previously observed to be GFAP-immunopositive (Figure 10a, b) . Additionally, GS was observed in small peripheral elements, which appear to be thin processes and perisynaptic buds of astrocytes (Figure 10c -e).
These observations are generally consistent with previous studies (Robinson, 2001; Kulijewicz-Nawrot et al., 2013) . They were often in the close vicinity of M1R-immunopositive spinelike structures that were frequently found along dendritic shafts described above. No M1R immunopositivity signals were detected in these GS-immunopositive small elements.
| D ISC USSION
| M1R in excitatory neurons
This study revealed that most pyramidal neurons in rat PrL showed For example, by single-cell RT-PCR analysis, M1R mRNA was detected in 61% of layer V pyramidal neurons in the rat visual cortex (Amar, Lucas-Meunier, Baux, & Fossier, 2010) . This proportion seems to be substantially lower than that in the present study. On the other hand, in the rat anterior basolateral amygdalar nucleus, all pyramidal neurons were M1R-immunopositive (Muller et al., 2013) , as similarly observed in the present study. Furthermore, in macaque monkeys, fewer than 10% of excitatory neurons in V1 and fewer than 40% of those in the secondary visual cortex (V2) showed M1R immunopositivity signals (Disney et al., 2006) . These proportions are also significantly lower than that in rat mPFC. The above observations confirm the idea that the proportion of neurons containing M1R is significantly different between cortical regions and animal species (Disney et al., 2006; Disney & Aoki, 2008; Disney & Reynolds, 2014) , and it seems likely that M1R in excitatory neurons may be more widely distributed in limbic cortices than in visual cortices. This difference between cortical regions might depend on neuronal activity related to the ascending cholinergic system, because the cholinergic afferent fibers in the rat frontal cortex are denser than that in the occipital and parietal cortices (Mechawar, Cozzari, & Descarries, 2000) .
The cholinergic afferent fibers in the rat cortex are distributed in all layers with layers I and V having somewhat higher densities than the other layers (Mechawar et al., 2000) . Furthermore, a recent study has demonstrated that synaptic specializations formed by cholinergic nal molecules related to SK channels and/or M1R. Actually, major components of SK channels, SK1 and SK2, are more highly expressed in the pyramidal neurons in layer V than in those in the superficial layers (Stocker & Pedarzani, 2000) .
With regard to the prolonged excitation induced by acetylcholine application, a pharmacological study has demonstrated that bath application of carbamylcholine-chloride (CCh), a cholinergic agonist, enhanced cortical neuronal firing. This enhanced firing was antagonized by atropine (M1R-M5R antagonist) and pirenzepine (M1R/M4R antagonist) but not by AF-DX 116 (M2R/M4R antagonist). Thus, it seems likely that the increase in firing frequency induced by CCh is mediated by M1R (Gigout et al., 2012) . The increase in the firing frequency of pyramidal neurons induced by CCh via M1R is mimicked by a blocker of Kv7 channels, which are the principal molecular components of M-channels (Brown & Passmore, 2009; Gigout et al., 2012) , and M-current, a non-inactivating potassium current, does not respond to a muscarinic agonist in sympathetic neurons in M1R-KO mice (Hamilton et al., 1997) . Thus, depression of M-current mediated by M1R
could be the mechanism underlying spike acceleration of cortical pyramidal neurons. Since MIR is abundantly localized in somata, it most likely modulates the neuronal activity generated in somata.
| M1R in GABAergic interneurons
This study demonstrated that most GAD67 neurons showed M1R immunopositivity signals. The strength of these signals, however, varied among neurons. In GAD67 neurons, about 44% of neuronal somata
showed "Strong-Moderate" signals, and roughly the same number of somata showed "Weak" signals of M1R immunopositivity. This distribution pattern is quite different from that of the pyramidal neurons described above. Cortical GABAergic interneurons are classified into some distinct neuronal subgroups on the basis of their various markers.
Among them, PV neurons are the most numerous. In the rat frontal cortex, they account for 43% of the GABAergic interneurons in layer II/III, 61% in layer V, and 51% in layer VI (Kubota et al., 1994) . This study demonstrated that the signal strength of M1R immunopositivity also varied among PV neurons. About 61% of PV neurons showed "Strong-Moderate" signals, whereas 31% showed "Weak" signals of M1R immunopositivity. Thus, approximately 90% of both GAD67 neurons and PV neurons showed M1R immunopositivity signals. However, the proportion of these neurons showing "Strong-Moderate" signals of M1R immunopositivity among PV neurons (total percentage: approximately 61%) was somewhat higher than that among GAD67 neurons (total percentage: approximately 44%). A significant difference was observed in layers III and VI (Figure 7 ). This tendency is in agreement with previous studies on V1 of macaque monkeys, which revealed that M1R was observed in 87% of PV neurons and in 61% of GABAergic neurons (Disney et al., 2006; Disney & Aoki, 2008) . Thus, M1R seems to be more preferentially distributed in PV neurons than in other GABAergic neuronal subgroups. Since the signal strength of M1R immunopositivity varied among GAD67 neurons and PV neurons, it might depend on the activity of each neuron induced by cholinergic afferents.
Cortical PV neurons are electrophysiologically classified as fastspiking neurons, which include basket cells, chandelier cells, and wide arbor cells (Kawaguchi & Kondo, 2002; Hardwick, French, Southam, & Totterdell, 2005) . The fast-spiking neurons are characterized by nonadaptive firing of short-duration spikes, and they primarily innervate the somata and initial segments of pyramidal neurons. Thus, they are the most prominent intracortical elements that inhibit excitatory pyramidal neurons. Cea-del Rio et al. (2010) , 2010) . Because PV-M1R-KO mice are exclusively deficit in recognition and working memory but not in spatial memory, muscarine-induced increase in PV neuronal activity via M1R should be essential in these higher cognitive functions (Yi et al., 2014) .
| M1R in astrocytes
In this study, about 78% of protoplasmic GFAP astrocytes showed has demonstrated that cultured astrocytes in the rat cerebral cortex contain both M1-type and M2-type muscarinic receptors (Murphy, Pearce, & Morrow, 1986) . Previous studies using a monoclonal antibody to pan-muscarinic receptors also revealed that muscarinic receptors were found in astrocytes in explant and primary cultures derived from the rat cerebral cortex (H€ osli, Jurasin, Ruhl, Luthy, & H€ osli, 2001) , and in almost all (95.8%) of GFAP astrocytes in the rat frontal cortex (van der Zee, de Jong, Strosberg, & Luiten, 1993) . Furthermore, in human cultured astrocytes, all five subtypes of muscarinic receptors were detected by RT-PCR analysis (Elhusseiny et al., 1999) , and pharmacological analysis has revealed that astrocytes in rat hippocampal slices possess M1R (Shelton & McCarthy, 2000) .
The present study also revealed that M1R immunopositivity signals were preferentially localized in astrocytic somata, and they were hardly detected in thin processes and perisynaptic buds. In the gray matter, the protoplasmic astrocytes play important roles in various functions that support the structural, trophic, and metabolic properties of neurons (Chen & Swanson, 2003; Sofroniew & Vinters, 2010) . Furthermore, astrocytes also contibute to the modulation of excitatory synaptic transmission by releasing gliotransmitters, such as glutamate, ATP, and D-serine, which is an NMDA receptor coagonist (Agulhon et al., 2008; Takata et al., 2011; Agulhon et al., 2012) . Recently, it has been demonstrated that each astrocyte forms a domain composed of its soma and processes containing perisynaptic buds (Khakh & McCarthy, 2015) . Interestingly, each domain only slightly overlaps with other domains (Wilhelmsson et al., 2006) . It has been estimated that a domain is 66,000 lm 3 in size and contains 140,000 synapses in hippocampal CA1 (Bushong, Martone, Jones, & Ellisman, 2002 This idea is confirmed by a recent electrophysiological study (Letellier et al., 2016) . This study revealed that changes in the presynaptic strength of synapses that receive inputs from a certain neuron induce alterations in presynaptic strengths of neighboring synapses that receive no inputs from that neuron. Because this interaction between synapses is inhibited by fluoroacetate, an inhibitor of the Krebs cycle that preferentially acts on glial cells, a synapse can exert its effect on the presynaptic strengths of other synapses via astrocytes.
The glia limitans lying immediately below the pia mater is composed of end-feet of astrocytes in humans and primates, as described in any histology textbook. In rodents, however, it is composed of surface astrocytes that exhibit a fibroblast-like morphology (García-Marqu es & L opez-Mascaraque, 2013; Liu et al., 2013; Tabata, 2015) .
The present study revealed that many surface astrocytes show "Strong" signals of M1R immunopositivity, and frequently have thick processes projecting toward layer I of the cerebral cortex, which is composed of axon fibers and tufts originating from apical dendrites of pyramidal neurons. This layer is crucial in the control of the firing mode of pyramidal neurons via apical dendritic calcium channels. Activation of these channels increases neuronal gain and switches the mode of these neurons to burst firing (Sidiropoulou, Pissadaki, & Poirazi, 2006; Murayama et al., 2009) . Surface astrocytes might modulate synaptic activities in layer I and control the firing mode of pyramidal neurons through cholinergic afferents via M1R.
| Functional implications
This study revealed that almost all PV neuronal somata expressed M1R. However, M1R was not detected in their thin distal dendrites.
Thus, the intracellular localization pattern of M1R in PV neurons was quite different from that of pyramidal neurons in which M1R was widely expressed in somata, dendrites, and spines ( Figure 11 ). L€ uscher, 2008) . In the rodent cerebral cortex, D5R is the predominant D1-type receptor (Luedtke et al., 1999) . As in the case of M1R, D5R
was found in somata, proximal and distal dendrites as well as in dendritic spines in pyramidal neurons. On the other hand, D5R was restricted in somata and proximal dendrites in PV neurons (Oda et al., 2010) .
Since M1R and D5R activate different signal transduction cascades, the cascade activated by M1R and that by D5R might interfere with each other in areas where they colocalize, such as somata, dendrites, and dendritic spines.
Additionally, a similar intracellular distribution pattern was also observed in the thalamus. M3R is the predominant M1-type receptor in the thalamus. In the anteroventral (AV) and anterodorsal (AD) thalamic nuclei, M3R is distributed throughout the dendrites and somata of excitatory relay neurons (Oda, Kuroda, Kakuta, & Kishi, 2001 ). On the other hand, it is distributed chiefly in the somata and proximal dendrites in PV neurons of the reticular thalamic nucleus, which sends inhibitory projections to relay neurons in AV and AD (Oda et al., 2007) . Recently, it has been suggested that the reciprocal connections between excitatory pyramidal neurons and inhibitory PV neurons play an important role in the generation of cortical gamma oscillation (Brown, Basheer, McKenna, Strecker, & McCarley, 2012) , which is called the pyramidal interneuron network gamma (PING) model. electroencephalograms during awakening and gamma frequency increases during focused attention (Cardin et al., 2009) . Because PV neurons connect with each other using electrical synapses via gap junctions, synchronously rhythmic inhibition and disinhibition occur in the perisomatic region of pyramidal neurons (Galarreta & Hestrin, 1999; Hestrin & Galarreta, 2005; Fukuda, Kosaka, Singer, & Galuske, 2006) .
Electrophysiological studies have revealed that both the cholinergic agonist carbacol and the nonselective muscarinic receptor agonist muscarine induce gamma oscillation in the hippocampus and PFC in vitro (Fisahn, Pike, Buhl, & Paulsen, 1998; Fellous & Sejnowski, 2000; Pafundo, Miyamae, Lewis, & Gonzalez-Burgos, 2013) . Furthermore, in M1R-KO mice, muscarine fails to induce gamma oscillation (Fisahn et al., 2002) . Therefore, activation of M1R in both excitatory pyramidal neurons and inhibitory PV neurons may most likely underlie the generation of gamma oscillation. Moreover, because the timing of inputs relative to a gamma cycle determines the amplitude and accuracy of evoked responses, gamma oscillation plays an important role in the control of intracortical transmission (Cardin et al., 2009) . Therefore, the mechanism of M1R-induced gamma oscillation in PFC should be an essential element for processing cognitive functions.
Since the cholinergic innervation of the cortex is considerably diffuse and cholinergic transmission is mediated by volume transmission in the extrasynaptic space (Sarter et al., 2009 ), the cholinergic system may exert its influence over a wide range of neural elements, such as excitatory neurons, inhibitory neurons, and astrocytes. The differential intracellular localization of M1R in these cells might play a crucial role in the transmission of information and the plasticity of spines, and underlie the cognitive functions subserved by PrL.
